gascar, that antibiotics administered 36 to 48 hr after the onset of the disease failed to save patients despite the fact that, on autopsy, the blood and organs were sterile.
The plague bacillus is known to contain several distinct and readily separable antigenic components. Our interests, however, have remained in the toxin produced by P. pestis, which is specifically responsible for death of mice and rats and is known, therefore, as the "murine" toxin. It is not the purpose of this review to cover completely the available literature on plague toxin. We shall trace here the development of the work in our laboratory with the murine toxin of P. pestis and refer to the investigations of others only as they relate to and amplify our studies. The primary objectives from the start of our work were isolation and purification of the toxin and study of the mechanism of its action at an enzymatic level. Recently, we have concerned ourselves with how this toxin is synthesized by the bacterium, the regulation of this synthesis, and the distribution of this protein in the P. pestis cell.
The murine toxin of P. pestis has been obtained in a highly purified form. However, we found, as have others working with certain exotoxins (for example, diphtheria toxin), that the toxic activity of highly purified preparations is associated with more than one component. Our purest preparations are composed of two distinct molecular species, each exhibiting essentially identical toxic activity.
Studies on the mode of action of the toxin involve primarily the effects of the toxin on mammalian mitochondria. An association between the ability of the toxin to inhibit mitochondrial respiration and its action in vivo has been established. The site of inhibition of mitochondrial respiration resides in the electron transfer chain in the region between reduced nicotinamide adenine dinucleotide (NADH2) or succinate and cyto-phenomenon is also involved in the inhibitory effect of the toxin on mitochondrial respiration. This is correlated with the toxin's ability to induce mitochondrial swelling and to interfere with respiration-dependent mitochondrial ion accumulation.
Concerning the mode of synthesis of this toxin by P. pestis, it was found that tryptophan analogues selectively inhibit toxin biosynthesis, and that this inhibitory effect can be reversed by intermediates of tryptophan biosynthesis in microorganisms. This finding suggests a tryptophan requirement for toxin formation.
ISOLATION AND PURIFICATION OF THE ToxiN
Studies on the biological action and antigenic behavior of plague toxin were handicapped by the lack of adequately pure material. It was known that the toxin of P. pestis is associated with the cells and must be liberated from them. Numerous procedures, including cell lysis, sonic vibration, and chemical extraction, were employed to liberate the toxin from cells. Markl (51, 52) used filtrates of old broth cultures. Girard (21) employed a freezing and thawing system, and Jawetz and Meyer (31) held agar-grown suspensions at 37 C for 48 hr and then at 4 C for 24 hr.
Sonic vibration was used successfully by Smith et al. (68) to obtain highly toxic material from P. pestis. Extraction of dried cell powders or whole cells with relatively simple compounds was employed by Baker et al. (7, 8) with sodium chloride, by Lustig and Galeotti (48) with 1% potassium hydroxide, and by Goodner et al. (22) with sodium deoxycholate.
These toxin preparations obtained were crude, for they contained numerous antigenic components in addition to the toxin. Initial attempts to purify these toxic materials consisted of precipitating them with either ammonium sulfate (8) or calcium chloride (79) and freeing them from the nonprecipitable fractions. Baker et al. (8) treated toxin, prepared by extracting acetonedried cells of P. pestis with 2.5 % sodium chloride, with 30 and 40% saturated ammonium sulfate to remove antigens other than the toxin as the residues. The toxin was also precipitated directly by the addition of 55 to 67% saturated ammonium sulfate. The best samples, having an LD50 for 20-g mice of 0.6 to 0.8 Mug, represented a 10-fold concentration of the toxin. However, all the toxic preparations were heavily contaminated with atoxic soluble antigens, and attempts at further purification resulted in a 50 to 75% loss in tox- icity.
Englesberg and Levy (18) obtained highly toxic fractions by precipitating the crude toxin obtained from autolysates of P. pestis grown at 30 C in semisynthetic medium (casein hydrolysatemineral-glucose medium) with saturated ammonium sulfate, followed by dialysis and lyophilization. Though the relative purity of this material was not given, this method, compared with previous attempts, provided substantially greater yields of toxin.
Ajl et al.
(1) undertook the first extensive study designed to obtain preparations of plague toxin which were pure by all of the known standards employed to ascertain protein purity. The initial phase of this work considered purification of the toxin by chemical means, involving extraction of the toxin from acetone-dried cells of the avirulent "Tjiwidej" (TJW) strain of P. pestis with 2.5% sodium chloride, followed by ammonium sulfate and isoelectric precipitations for partial separation of the toxin from the envelope substance. This preparation was then treated with manganese chloride for removal of nucleic acids, with methanol precipitation to concentrate protein and remove extraneous materials and calcium phosphate gel absorption with elution to separate further the toxin from the envelope substance. Lipoid materials were removed by chloroform extraction. The final material, having an intraperitoneal LDrO of 2.6 jig for 16-to 18-g mice, exhibited a sevenfold increase in toxicity. However, it contained one major and frequently one or more minor components when observed in the analytical ultracentrifuge.
The high resolving power for fractionating protein mixtures afforded by continuous-flow paper electrophoresis led to its utilization (1) for further purification of the toxin. Material obtained from the final stage of the chemical purification procedure was passed twice through a paper electrophoresis cell described by Durrum (17) . Electrophoretic patterns showed that this material was considerably more pure than that obtained by chemical procedures alone. Purified toxin with an isoelectric point of 4.7 behaved as a homogenous protein in the ultracentrifuge and Tiselius electrophoresis cells and was free from carbohydrates, nucleic acids, and capsular antigen. Sedimentation and diffusion data indicated a molecular weight for the toxin in the order of 74,000.
This toxin was subjected (3) to the very sensitive gel diffusion precipitation reactions of Oudin (60) and Ouchterlony (61) , and at least two and frequently three or more individual zones of precipitation were found. Since the main use for this toxin was to be the determination of the mechanism of its action at an enzymatic level, it was imperative to achieve an even greater degree of purity. As (76) utilized the most purified preparations of Ajl et al. (1) obtained from the TJW strain of P. pestis to produce antitoxin in rabbits. The antiserum obtained was able to flocculate, hemagglutinate, and fix complement with toxin and toxoid.
Additional investigations revealed that the specific TJW antitoxin neutralizes toxins obtained from different strains of P. pestis. This finding and the observation that purified TJW toxin reacts with the antisera prepared from a variety of avirulent and virulent strains of the plague bacillus suggest strongly that all these toxins have similar antigenic structures.
To determine the degree of animal immunization against toxin (2), mice were challenged intraperitoneally with formalin-treated toxin and intravenously with toxin-antitoxin mixtures. In the former case, mice were protected against 60 to 80 LD5o doses of the toxin, and in the latter only a few LD5o doses of the toxin were neutralized.
The role of toxin in plague infection has been studied by Meyer (unpublished data), who found that rats and guinea pigs died in shock when injected with soluble toxins or with killed and dried or living P. pestis cells. The liver and spleen served as filters which removed P. pestis organisms from the blood after intravenous injection. Bacilli were destroyed in the liver and released toxic materials responsible for the intoxication.
The total amount of bacillary somatic antigen was related directly to the speed with which the symptoms of intoxication were noted.
It has been tacitly assumed that a definable toxic material is present in the circulating blood in the course of plague infection. However, its role in the pathophysiology of the disease has not been elucidated. In a fatal case of plague, many different events, all related, proceed so rapidly that it is difficult to ascertain the dominant factor. As it is difficult to determine the order of these physiological events and to identify factors responsible for these events, the role of toxin in (41) or at the nicotinamide ribose linkage to form nicotinamide (24) and adenosine diphosphoribose (38) .
Toxin preparations used to study nicotinamide adenine dinucleotidase activity and inhibitory effects on a-keto acid oxidation were purified by chemical and electrophoretic procedures of Ajl et al. (1) . When serologically homogenous toxin was obtained (3), each of these properties was reinvestigated and it was found that the activity on NAD disappeared, whereas the characteristic a-keto acid inhibition remained. The nicotinamide adenine dinucleotidase activity was recovered in a different protein fraction. The electrophoretic mobility of this protein was very similar to that of the toxin.
Although nicotinamide adenine dinucleotidase (NADase) activity does not appear to be associated with mode of action of plague murine toxin, an interesting NADase has been uncovered. Further investigations relative to the mechanism of action of this enzyme are warranted.
Action of the Toxin on Mammalian Mitochondria
Effect on respiration. It was important to determine toxin action at a higher level of organization from the standpoint of enzymatic structure and closer to that expected to occur in the animal while still maintaining an in vitro system. Toward this goal investigations were undertaken to study toxin effect on mitochondria, which are known to be the active sites of respiration in animal tissues. A critical observation, providing an insight to understand the susceptibility and resistance of animal species to biological poisons, was in the association present between the ability of toxin to inhibit mitochondrial respiration from certain species and the susceptibility of these animals to in vivo action of the toxin. It is known that the toxin is lethal for the mouse and rat but not for the rabbit, chimpanzee, dog, or monkey. Therefore, we were interested to learn that toxin inhibited the respiration of heart mitochondria from the toxin-susceptible rat and mouse, but had no effect on similar preparations from the toxin-resistant rabbit (Table 1) . Additional experiments revealed that the toxin was unable to inhibit respiration of heart mitochondria from chimpanzee, dog, and monkey (66) . Only the exogenous mitochondrial respiration of toxin-susceptible animals was inhibited. The endogenous respiration remained unaffected. Likewise, oxidative phosphorylation was in no way altered by the toxin. The inhibitory effect on mitochondrial respiration was specific for the toxin investigated, since bovine serum albumin, representing another protein, and the Vi and 0 lipopolysaccharide antigens had no effect on mitochondrial respiration.
Toxin action varied not only with respect to the species yielding the mitochondria but also with respect to the specific organ from which they were isolated. It was found that toxin had no effect on the respiration of brain mitochondria of toxin-susceptible rats. Studies on the effect of toxin on liver mitochondria revealed that the toxin inhibited the respiration of liver mitochondria from the rat and rabbit to the same extent as rat heart mitochondria (35) . This inhibition of rabbit liver mitochondrial respiration is of interest, since other studies indicate that 10 mg of toxin, injected intraperitoneally, is not lethal for 2-kg rabbits.
Although physiological concentrations of toxin were found to inhibit mitochondrial respiration, toxin treated in any manner that made it atoxic for the animal resulted in the concomitant loss of ability to inhibit mitochondrial respiration (see Table 1 ). This contrasted directly with results obtained with cell-free bacterial extracts and crude tissue homogenates. This inconsistent behavior of inactivated toxin can be explained as follows. One basic characteristic of this toxin, which is its ability to inhibit the oxidation of certain compounds, remains with the molecule even when toxicity is lost. When homogenates are employed, the inhibition of keto acid oxidation reflects chance interaction of the toxin or toxoid with dispersed enzyme molecules. The active portion of the toxin molecule for this effect remains after heating or formalin treatment of the molecule. However, the mitochondrion retains a relatively high degree of organization. In this case the effects depend upon critical spatial relations, and, to exert these effects, the toxin molecule must retain not only that portion reacting with the enzyme, but also the portion permitting effective orientation within the structure of the mitochondrion.
The inability of inactivated toxin to inhibit mitochondrial respiration demonstrated a correlation between toxicity of the toxin in vivo and its in vitro action on mitochondria and led to the hypothesis that inhibition of mitochondrial respiration may explain the action of this toxin in vivo.
As this toxin inhibited heart mitochondrial respiration of toxin-susceptible species, the hypothesis above would indicate heart malfunction as an early sign of toxin action in susceptible species. Heart malfunction is detected easily by electrocardiographic measurements. Indeed, alterations did occur in the S-T segment of the electrocardiogram of the rat within 60 min after injection of lethal or sublethal doses of toxin and prior to any changes in hematocrits or blood pressures. In animals surviving sublethal doses of the toxin, electrocardiographic changes observed initially were no longer evident after 24 to 48 hr or after the animal had recovered completely. Similar electrocardiographic changes did not occur in rats dying from hemorrhagic shock, hypoxia, glucose intoxication, or in toxic deaths from Escherichia coli endotoxin. Toxin-resistant rabbits exhibited no alterations in their electrocardiographic tracings when injected with toxin doses up to 50 mg. Thus, whenever the toxin inhibited heart mitochondrial respiration, corresponding changes in electrocardiographic patterns obtained from intoxicated anils were found. Conversely, failure to observe such in vivo effects was associated with unaltered mitochondrial respiration.
If the inability of the toxin to inhibit the respiration of heart mitochondria derived from the toxin-resistant rabbit were due to the exclusion of toxin by the rabbit heart mitochondrial membrane, disruption of these mitochondria should result in inhibition of their respiration with addition of toxin comparable to that obtained with intact heart mitochondria from the toxin-susceptible rat. Experimentally, mitochondria were disrupted chemically with deoxycholate and physically by means of sonic vibration, and it was found that, although toxin had little or no effect on respiration of unaltered rabbit heart mitochondria, respiration of disrupted mitochondria was inhibited to a significant extent (35) .
Toxin-susceptible animals can be immunized against toxin. When mitochondria were isolated from the hearts and livers of such immunized animals and incubated with the toxin, it was demonstrated that the inhibitory effect of toxin on heart mitochondrial respiration was reversed, whereas the respiration of liver mitochondria of VOL. 30, 1966 181 immunized and nonimmunized animals was inhibited to the same extent (35) .
Ability of the toxin to induce mitochondrial swelling. Mitochondria, primary sites of oxidative metabolism, also possess the following characteristic properties: ability to cause transport and accumulation of certain electrolytes and ability to take up water and swell and to extrude water and contract. These transport processes are dependent upon respiratory energy and are associated with electron carriers and coupling enzymes of the respiratory chains, present in and constituting a large portion of the protein layer of the mitochondrial membrane.
A wide variety of agents are known to cause mitochondrial swelling (44) . One type, known as electron transport-dependent swelling, is thought (30) to depend upon increased membrane permeability which stops short of osmotic rupture of the mitochondria. The toxin under consideration does not inhibit the respiration of intact rabbit heart mitochondria as the membranes of these mitochondria apparently exclude the toxin. This suggests the involvement of a permeability phenomenon. The studies by Kadis and Ajl (34) concerning the effect of toxin on mitochondrial swelling and the relationship between its respiration and swelling effects revealed that toxin induced rat heart and rat and rabbit liver mitochondria to swell but had no such effect on rabbit heart mitochondria ( Table 2) . Likewise, brain mitochondria exhibited very little spontaneous swelling and this was not affected by the addition of toxin (35) . Thus, in every case where the toxin inhibits mitochondrial respiration, it induces swelling, and when it is incapable of inhibiting respiration, it is, likewise, unable to promote swelling.
Additional experiments (34) showed that, when the toxin is heat-inactivated or neutralized with antitoxin, it no longer induced swelling. This indicates that only toxin, active in vivo, can exert the in vitro swelling effect.
The mechanism of toxin-induced mitochondrial 0.7L (30) , and 2,4-dinitrophenol (70), on toxin-induced swelling. Each of these compounds prevented the swelling of rat heart mitochondria promoted by the toxin (Fig. 1 to 3 Effect on the electron transport system. At the time when it became apparent that a permeability phenomenon was involved in the action of this toxin, studies on the inhibitory effect of this toxin on mitochondrial respiration were reinitiated with the view towards pinpointing as precisely as possible the site of the inhibition. Since the toxin inhibited mitochondrial respiration but did not interfere with oxidative phosphorylation, it appeared logical that the toxin might exert its effect on the electron transport system. Kadis et al. (36) reported that, although the toxin inhibited the oxidation of a-ketoglutarate, succinate, malate, and fl-hydroxybutyrate in the presence of ADP as phosphate acceptor, the percentage inhibition was, in no case, altered upon the addition of 2,4-dinitrophenol. In this respect the toxin did not behave, for example, like oligomycin, a classical inhibitor of oxidative phosphorylation. Lardy et al. (42) described the properties of oligomycin and other inhibitors of phosphorylating oxidation and reported that the inhibition of oligomycin was relieved by 2,4-dinitrophenol.
The cytochromes are among the chief components of the electron transport system, and each must remain in a reduced state for electrons to be transferred from reduced nicotinamide adenine dinucleotide (NADH2) or succinate to oxygen, the terminal electron acceptor. A general indication can be obtained as to the site of action of the compound under investigation if, upon the examination of the absorption spectrum of a mitochondrial suspension to which has been added a compound whose mode of action is to be determined, an alteration can be found in one or more of the absorption peaks corresponding to specific cytochrome components.
Absolute and difference spectra of the cytochrome components of rat heart and liver mitochondria incubated in the absence and in the presence of toxin revealed that the addition of toxin caused the oxidation of cytochromes a, b, and c. This suggested that the toxin exerts its inhibitory effect on mitochondrial respiration by acting on the electron transport system in the region between NADH2 or succinate and cytochrome b.
Confirmatory evidence on this point was obtained. The toxin had no effect on the oxidation of ascorbate by rat heart or liver mitochondria in the presence of tetramethylphenylenediamine VoL. 30 (20) , it appears that the toxin has no effect on the area of the electron transport system between cytochrome c and oxygen.
The next step in locating the precise site of action of the toxin on the electron transport system involved investigations on the effect of the toxin on the activity of enzymes known to occur between NADH2 or succinate and cytochrome b. One of these enzymes is NADH, dehydrogenase. The specific activity of this enzyme, as assayed by the reduction of ferricyanide (54) , in rat heart and liver mitochondria, as well as in electron transport particles prepared from rat heart, was not altered by the addition of toxin. This finding suggested that the toxin might not act on individual enzymes but on complexes of two or more respiratory carriers, representing limited segments of the electron transfer chain.
Four such complexes were isolated from beef heart mitochondria, and each one was obtained in highly purified form (10, 12, 13) , and Ca++ (11, 46, 64, 74, 75) . Data suggested (13, 14, 20, 74) that alterations in the integrity of mitochondria may influence their ability to retain accumulated ions. Since plague murine toxin induces swelling, studies were initiated concerning the effect of the toxin on the accumulation of ions by mitochondria and the relationship between this effect and the ability of the toxin to induce mitochondrial swelling (37) . Such knowledge should help in obtaining a better understanding of how the toxin influences myocardial physiology and eventually results in the death of a toxin-susceptible animal, because the absence or overabundance of ions results in abnormal states and reactions of the heart. It was found that the toxin inhibited the accumulation of Ca++ and inorganic phosphate (Pi) by rat heart mitochondria in the presence of succinate (Table 3) as well as a-ketoglutarate, malate, or f3-hydroxybutyrate as substrate. Since it is known that the toxin can inhibit the oxidation of each of these compounds (62) , it seemed conceivable that the toxin was preventing mitochondrial ion accumulation by interfering with the respiratory chain. That this was not the case was suggested by the finding that the toxin inhibits the ATP-supported accumulation of Ca++ and Pi by rat heart mitochondria in the absence of a respiratory substrate. Additional evidence on this point stemmed from the fact that, although toxin had no effect on the respiration of rat heart mitochondria in the presence of ascorbate and TMPD (36, 37) , it inhibited the uptake of Ca++ and Pi supported by this segment of the electron transfer chain.
The relationship between the toxin's ability to induce swelling and to inhibit mitochondrial ion uptake was examined by incubating toxin-treated mitochondria with ethylenediaminetetraacetic acid (EDTA) at a concentration of 0.1 mm. This concentration of EDTA prevents swelling (70) without inhibiting ion uptake (75) . The addition of EDTA largely prevented the inhibitory effect of the toxin on the accumulation of Ca+ and Pi by rat heart mitochondria in the presence of a respiratory substrate as well as in the presence of ascorbate and TMPD (see Table 3 ). These data suggested that EDTA, by preventing toxin-induced swelling, allowed mitochondria to retain ions that were accumulated in the mitochondrial lumen. However, it was also noted that EDTAtreated controls accumulated somewhat greater amounts of ions than untreated controls, indicating that EDTA could exert a general stabilizing effect on mitochondrial membranes.
DIsTRIBuTIoN AND SYNTHESIS OF PLAGUE
MuRiNE ToxIN Location of the Toxin in the P. pestis Cell Part of the general problem of toxin synthesis was the determination (55) of the location of toxin in P. pestis cells. At least 10% of total toxic activity was associated with the membrane fractions of spheroplasts prepared from whole cells; the remainder resided in the cytoplasmic fractions (Table 4) .
Ribosomes obtained by high-speed centrifugation of the cytoplasmic fraction contained less than 1% of total toxin and total protein, suggesting that the cytoplasmic toxin of P. pestis exists as a nonconjugated, nonparticulate protein.
Membranes were disrupted by various means to examine the relationship of the toxin to the membrane of the P. pestis cell. A membrane suspension subjected to sonic vibration increased significantly the specific toxic activity of the protein compared with the original suspension (Table  4) . Addition of magnesium ions to these suspensions protected the isolated membranes against Sonically treated membranes .79 80 45 Control.83 22 12 Sonically treated membranes plus MgCl2 83 20 15 Control.83 19 9 Trypsin-treated membranes .109 40 60 Control.39 12 
49
* This (Table 4) . Since trypsin did not destroy the toxin, these findings suggested that the toxin may be bound in some manner which makes it inaccessible to trypsin action.
Resolution and Isolation of Two Toxic Components
Gel electrophoresis has been used in studying protein components in crude cell fractions for metabolic studies (28, 78) and in determining the purity of isolated proteins (50) . While determining feasibility of this method for locating the toxin in crude cell fractions of P. pestis, toxin activity was observed to be associated with more than one protein component of the partially purified material. As demonstrated by the LD5o, increase in purity of a toxin sample was found to be related directly to a reduction in the total number of protein bands detected by gel electrophoresis (57 (57, 58) .
On the other hand, it is speculated that both toxins are possibly located in, and are part of, the same particulate structure, namely, membranes in the native bacterial cell. It is proposed that during isolation, toxin B, located on the surface, splits off into the cytoplasmic fraction, whereas toxin A remains attached more strongly. It is also possible that toxin B is a part of the toxin A protein in the membrane; during stress of isolation, toxin A disaggregates to form an essentially "new protein," toxin B. This phenomenon was observed with bovine growth hormone (47) and glutamic dehydrogenase (72) . The relative similarity in specific toxic activity of the two proteins suggests a structural relationship.
Recent evidence (unpublished data) points to some basic similarities in the amino acid content and ultraviolet spectra of the two toxins. Also there is a strong suggestion that toxin A is twice the molecular weight of toxin B, 240,000 and 120,000, respectively. This would suggest that the sensitivities of the two toxins to protein reagents is reflecting primarily diferences in tertiary structure, and that toxin A is a dimer of toxin B.
Taldng these data together, if the separation of the two toxins by cell location is not an artifact of isolation, then one could speculate that toxin B may be a precursor "polypeptide" of toxin A which is cemented into the membrane enzymatically after its dimerization. On the other hand, the possibility that toxin A is split in vivo to give two monomers of toxin B appears to be eliminated by results from some of the tryptophan analogue experiments subsequently discussed.
Selective Inhibition of Murine Toxin Synthesis by
Tryptophan Analogues In addition to studies on the location of murine toxin in P. pestis, experiments were also designed to determine mechanisms by which toxin synthesis is regulated. Toxin synthesis is selectively inhibited during growth of P. pestis at 37 C (55), and a number of metabolic inhibitors were examined in an attempt to separate toxin from total protein synthesis. The utilization of tryptophan analogues proved most effective for this purpose (56) . A number of investigators reported the selective action of tryptophan analogues on protein synthesis (49, 63, 71 (Fig. 4) phoretic purification procedures yielded a most highly purified, serologically homogenous toxin. The amino acid composition and immunological properties of the purified toxin have been elucidated. Recent investigations revealed that this material consists of two distinct protein components, each of which possesses the same toxic activity and very similar amino acid content. Differences between the two toxic proteins are seen in their tertiary structure, molecular weight, cell location, and mode of biosynthesis. However, toxin B appears to be one-half the molecular weight of toxin A which suggests a monomer-dimer relationship between the two proteins.
Initial investigations on the mechanism of action of plague murine toxin carried out with cellfree microbial extracts and crude tissue homogenates showed that a-keto acid oxidation is specifically inhibited, and that this inhibition is reversed with excess NAD but not with NADP. The most significant findings, however, involved the effect of the toxin on mammalian mitochondria. A correlation has been established between the ability of the toxin to inhibit heart mitochondrial respiration of certain animal species and the susceptibility of these species to the in vivo action of the toxin.
The inhibitory effect on mitochondrial respiration is exerted on a segment of the electron transport system between NADH2 or succinate and cytochrome b and, more specifically, at the level of NADH2-coenzyme Q reductase.
In addition, plague murine toxin induces mitochondria to swell and curtails the accumulation of calcium and inorganic phosphate ions by these structures. A direct relationship between these effects has been established. By virtue of its ability to alter the integrity of intact mitochondria, the toxin does not allow the ions that have been accumulated in the mitochondrial lumen to be retained.
Investigations on toxin biosynthesis revealed that this process is inhibited by tryptophan analogues which inhibit tryptophan biosynthesis, and that this inhibition is reversed by intermediates of the tryptophan biosynthetic pathway in microorganisms, suggesting that tryptophan is required for the biosynthesis of toxin.
